The human ENaC (epithelial sodium channel), a complex of three subunits, provides the rate-limiting step for sodium uptake in the distal nephron, and therefore plays a key role in salt homoeostasis and in regulating blood pressure. The number of active sodium channel complexes present at the plasma membrane appears to be tightly controlled. In Liddle's syndrome, a form of hypertension caused by an increase in the number of active sodium channels at the cell membrane, the βENaC or γ ENaC subunit gene contains a mutation that disrupts the binding site for the Nedd4 (neuronal precursor cell expressed developmentally down-regulated gene 4) family of ubiquitin-protein ligases. Therefore ubiquitination of channel subunits may be involved in altering cell surface ENaC. Here, we provide evidence that the ENaC subunits located at the cell surface are modified with multiple mono-ubiquitins (multiubiquitination) and that Nedd4-2 modulates this ubiquitination. We confirm that ENaC is associated with the µ2 subunit of the AP-2 (adaptor protein 2) clathrin adaptor. Since mono-or multiubiquitination of other membrane proteins is a signal for their internalization by clathrin-mediated endocytosis and subsequent trafficking, our results support a model whereby ubiquitin and clathrin adaptor binding sites act in concert to remove ENaC from the cell surface.
INTRODUCTION
The ENaC (epithelial sodium channel) is a protein complex composed of three subunits: α, β and γ [1, 2] . ENaC is expressed in the apical membrane of epithelia found in the lung, colon and distal kidney. In the distal tubule and collecting duct of the kidney the activity of ENaC is controlled by aldosterone, to regulate sodium uptake from the urine to maintain body salt balance [3] . As a result, ENaC is an important player in long-term blood pressure regulation, and mutations in ENaC subunit genes cause Liddle's syndrome, an inherited form of hypertension [4] .
Regulation of ENaC is thought to be achieved by adjusting the number of channels present in the plasma membrane [5, 6] , by changes in channel open probability [5, 7] , and by cleavage of ENaC subunits [8] to form active channels. To adjust the number of sodium channel complexes, the rates of insertion into and removal from the plasma membrane have to be regulated (reviewed in [9, 10] ). The rate of insertion is affected by the delivery of newly synthesized protein as well as reinsertion of ENaC from recycling vesicles. Removal of ENaC from the cell surface is also under tight regulation. Rotin and co-workers [10, 11] proposed that both clathrin-mediated endocytosis and ubiquitination contribute to internalization of ENaC from the cell surface.
Nedd4 (neuronal precursor cell expressed developmentally down-regulated gene 4), Nedd4-2 and WWP2 (WW domain containing E3 ubiquitin protein ligase 2) are HECT (homologous to E6-associated protein C-terminus) domain E3 ubiquitin-protein ligases implicated in ENaC ubiquitination and down-regulation. Nedd4, Nedd4-2 and WWP2 contain interaction motifs, called WW domains (protein-protein interaction domain containing two conserved tryptophan residues), that bind to PY motifs (PPPXY, P = proline, X = any amino acid and Y = tyrosine) in the ENaC subunit C-terminal domains [12] [13] [14] [15] [16] [17] . The PY motif is deleted or mutated in Liddle's syndrome leading to ENaC overactivity, while on the other hand co-expression of Nedd4 family members with ENaC results in down-regulation of channel activity, which is dependent on the ubiquitin ligase activity of Nedd4 [13, 17, 18] . ENaC subunits are ubiquitinated [11, 19] , and Nedd4/Nedd4-2 are strongly implicated in the regulation of ENaC surface expression [16, 18, 20] . However, the exact ENaC ubiquitination pattern, and the cellular location(s) where ubiquitination occurs have not been reported.
The PY motif in all three ENaC subunits overlaps with a YXX -endocytosis motif ( = hydrophobic amino acid), sharing the same tyrosine: PPPXYXXL. In addition, both αENaC and βENaC have a YXX motif in their N-terminal cytoplasmic domain. These tyrosine-based endocytosis motifs (YXX ) may mediate direct ENaC binding to the medium subunit (µ2) of the clathrin adaptor protein AP-2 (adaptor protein 2), and facilitate entry into clathrin-coated pits. ENaC activity is increased in the presence of dominant-negative dynamin [21, 22] , suggesting that internalization can occur via clathrin-mediated endocytosis. Ubiquitinated ENaC could also enter clathrin-coated vesicles indirectly through an interaction of ubiquitin with a ubiquitinbinding protein such as epsin, which binds both ubiquitin and the µ2 subunit. In strong support of both these pathways being involved in ENaC retrieval from the cell surface, Wang et al. [23] have recently shown that all three ENaC subunits are present in clathrin-coated vesicles isolated from collecting duct epithelial cells, that the ENaC subunits co-precipitate with clathrin-coated vesicle-associated proteins including µ2, and that epsin binds to ubiquitinated ENaC. Co-expression of epsin with ENaC in CHO cells (Chinese-hamster ovary cells) or in Xenopus oocytes resulted in current inhibition dependent on the presence of epsin's ubiquitin-binding domain [22, 23] .
Mono-or multi-ubiquitination (where more than one monoubiquitin moiety is attached to a substrate protein) can also act as an internalization signal for membrane proteins in both yeast [24] and mammalian cells [25] . A network of ubiquitinbinding proteins such as epsin, eps15 (epidermal-growth-factorreceptor pathway substrate 15) and Hrs (hepatocyte-growthfactor-regulated tyrosine kinase substrate) has been implicated in the endocytosis and subsequent trafficking of membrane proteins through the endosomal system to the MVB (multivesicular body). Mono-ubiquitin also acts as a signal for protein sorting into the MVB, and from the MVB proteins can be degraded in the lysosome. Polyubiquitinated proteins, on the other hand, are targeted to the proteasome for degradation [26] .
In this study, we present evidence that ENaC subunits at the cell surface are modified by multiple mono-ubiquitins, and that Nedd4-2 can alter ubiquitination of surface-localized ENaC.
EXPERIMENTAL cDNA constructs
Full-length HA (haemagglutinin)-αENaC, HA-βENaC Y620A , Nedd4-2-FLAG, µ2-HA (internal tag) and FLAG-ubiquitin containing a HA or FLAG tag were cloned into pMT3. HA/FLAGtagged αENaC, βENaC and γ ENaC are described elsewhere [27] . Amino acids 43-49 of βENaC, including three lysine residues were changed to alanine using the Genetailor kit (Invitrogen). cDNA was sequenced by the Allan Wilson Centre, Massey University (Palmerston North, New Zealand).
Cell culture and transient transfection
COS7 cells were grown in low bicarbonate Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) fetal calf serum, 10 units/ml penicillin and 10 mg/ml streptomycin. Cells were maintained at 37
• C and 5 % CO 2 . On the day before transfection, COS7 cells were plated at a density of 3 × 10 5 cells in 35 mm plates. Cells were transfected with 1.5 µg of each cDNA construct using FuGENE TM 6 (Roche) as described in [13] . In one experiment, FLAG-Nedd4-2 in pMT3 was also added in various amounts, along with empty pMT3 vector to keep the total amount of cDNA added constant.
Biotinylation of surface proteins and fractionation of ENaC
COS7 cells were transfected with HA-ENaC subunits in 35 mm dishes, and six plates were used for one experiment. Medium was replaced 6-8 h after transfection with fresh medium containing 10 µM amiloride to block the channel, and 36 h after transfection the medium was replaced again with fresh medium containing 10 µM amiloride and 10 µM proteasome inhibitor MG-132 (carbobenzoxy-L-leucyl-L-leucyl-leucinal; Sigma). In some cases cells were treated with 100 µM of lysosome inhibitor chloroquine (Sigma) instead of MG-132 or received no treatment. Cell surface proteins were labelled with sulfo-NHS (N-hydroxysuccinimido)-LC-biotin (Pierce) 48 h after transfection as follows. The medium was removed from plates, and the cells were washed three times with 2 ml of ice-cold PBS (pH 8.0). The cells were incubated for 30 min on ice with 0.4 ml of 1.0 mg/ml sulfo-NHS-LC-biotin in PBS (pH 8.0). The biotinylation step was repeated. The reagent was finally removed by aspiration, and the cells were washed four times with 2 ml of ice-cold PBS (pH 8.0). Cells were then lysed in 125 µl of boiling 1 % SDS in PBS (pH 7.2) to avoid isopeptidase activity. Lysates were sheared by passing them through a 22-gauge needle and boiled for 5-10 min. If required, protein concentration was determined by using the Bio-Rad RC-DC protein assay kit. Immunoprecipitation buffer (2 × PBS, 0.4 % Triton X-100, 20 µg/ml PMSF, 4 µg/ml aprotinin, 4 µg/ml leupeptin, 2 µg/ml pepstatin and 80 µM MG-132) was then added to the lysates along with 2.5 µg/ml anti-HA antibody (Sigma). After incubation for 2 h at 4
• C with constant motion, 50 µl of Protein G-Sepharose (Sigma) slurry was added, and incubation continued for 1 h. Protein G-Sepharose beads were collected by centrifugation and washed four times with 1 % Triton X-100 in PBS (pH 7.2). If required, beads were treated with 3 units of N-glycosidase F (Roche) for 18 h at 4
• C. ENaC immune complexes bound to the Protein G-Sepharose beads were eluted for 15 min at 100
• C in 100 µl of 1 % SDS in PBS (pH 7.2) and diluted into 900 µl of PBS (pH 7.2). In order to isolate the biotinylated ENaC surface fraction the solution was incubated for 1 h at 4
• C with 50 µl of Ultralink TM streptavidin (Pierce) slurry. The streptavidin beads were collected by centrifugation, and washed twice with 1 % Triton X-100 in PBS (pH 7.2). Proteins were eluted at 100
• C for 15 min in 5× sample buffer [312.5 mM Tris/HCl, 10 % (w/v) SDS, 0.05 % Bromophenol Blue, 25 % (v/v) glycerol and 10 % (v/v) 2-mercaptoethanol, pH 6.8]. To isolate the intracellular pool of ENaC the supernatant of the streptavidin precipitation step was incubated again with 2.5 µg/ml anti-HA antibody and Protein G-Sepharose as described above. Proteins were eluted from the Protein G beads with 5 × sample buffer. In some cases the surface fraction of ENaC was precipitated directly from the cell lysate with streptavidin without prior immunoprecipitation of total cell ENaC.
Immunoblotting analysis of ubiquitin modifications of ENaC
Protein samples were separated by SDS/8 % PAGE and transferred to PVDF membranes. Membranes were blocked in TBS (50 mM Tris/HCl and 150 mM NaCl, pH 7.4) containing 3 % (w/v) BSA and 0.05 % Tween 20, and then consecutively probed with mouse anti-polyubiquitin antibody FK1 (Biomol) at a 1:1000 dilution, mouse anti-poly-and mono-ubiquitin antibody P4D1 (Cell Signaling Technology) at a 1:1000 dilution and rabbit anti-HA antibody (Sigma) at a 1:2500 dilution, all overnight at 4
• C. The secondary HRP (horseradish peroxidase)-coupled antibodies used were goat anti-mouse IgG, goat anti-mouse IgM and goat anti-rabbit IgG (all from Sigma) respectively at 1:10000 dilutions. Antigen-antibody complexes were detected by chemiluminescence using Lumilight (Roche). The ubiquitin ladder (Affiniti Research Products) was separated on an SDS/16.5 % PAGE gel and processed as described above. After each round of antibody probing the membranes were incubated for 1 h at 50
• C in stripping buffer (62.5 mM Tris/HCl, pH 6.8, 2 % SDS and 10 mM 2-mercaptoethanol), followed by two wash steps for 10 min with 0.05 % Tween 20 in TBS, and reblocking as described above.
Co-immunoprecipitation of βENaC with µ2
COS7 cells were transfected with FLAG-tagged βENaC or βENaC Y620A alone or together with HA-µ2 or Nedd4-2. After 48 h cells were washed and lysed in TBS+1 % Triton containing protease inhibitors. HA-µ2 was immunoprecipitated with anti-HA and Protein G-Sepharose, and βENaC was detected by Western blotting with anti-FLAG M2 (1:2000; Sigma). (renal outer-medullar potassium 1; [29] ), and the interleukin-1 [30] , EGF (epidermal growth factor) and PDGF (plateletderived growth factor) receptors [25] are mono-or multiubiquitinated in mammalian cells. This modification is sufficient to promote internalization from the cell surface [25] . We hypothesized that mono-or multi-ubiquitination of ENaC may occur at the cell surface, and that this modification may contribute to endocytosis followed by lysosomal degradation and/or recycling, whereas unassembled and/or misfolded ENaC subunits in the ER (endoplasmic reticulum) are polyubiquitinated and degraded by the proteasome. Therefore it should be possible to identify different populations of ENaC, one that is mono-/multiubiquitinated and one that is polyubiquitinated. As a first step to test this hypothesis we expressed HA-epitope-tagged ENaC subunits in COS7 cells, separated the ENaC proteins into cell surface and intracellular pools, and asked what type of ubiquitin modification these ENaC subunits were tagged with using two ubiquitin antibodies with different specificities.
RESULTS

ENaC
First, we established a surface protein labelling assay. Individual ENaC subunits were transfected into COS7 cells and after 48 h expression the cell surface proteins were labelled with biotin, the cells were lysed and the surface protein fraction was isolated. Figure 1(A) shows the expression of αENaC, βENaC, γ ENaC, βENaC Y620A and Nedd4-2 in whole cell lysate. Figure 1 (B) shows that ENaC subunits are present at the cell surface, whereas the cytosolic protein Nedd4-2 was not detected at the cell surface, indicating that the biotin reagent selectively labels proteins that reside in the plasma membrane. No surface ENaC was detected in the absence of biotin (results not shown). The portion of whole cell ENaC that is located at the cell surface is relatively small (1-5 % of total cell ENaC), which is consistent with other studies {MDCK (Madin-Darby canine kidney): <1 % [31] ; oocytes: <1 % [32]}. The total cell expression of the subunits is similar ( Figure 1A) ; however, the two βENaC subunits are present at the cell surface in higher amounts than αENaC and γ ENaC.
The surface fraction of ENaC is multi-ubiquitinated in COS7 cells
In order to independently study the ubiquitination of ENaC at the cell surface and in the intracellular pool, we combined surface labelling and immunoprecipitation methods. COS7 cells transiently expressing HA-ENaC subunits were biotinylated 48 h after transfection. Cells were then lysed, and total cell ENaC was isolated from the lysate by immunoprecipitation. ENaC immune complexes were eluted, and the surface fraction of ENaC was captured. The unlabelled intracellular pool of ENaC was re-immunoprecipitated. Cell surface and intracellular pool fractions were then separated by SDS/PAGE along with 2 % of the initial cell lysate. After the Western transfer FK1, P4D1 and anti-HA antibodies were added sequentially to the membranes, in order to detect ubiquitin modifications of ENaC and the subunits themselves. FK1 detects polyubiquitin chains, whereas P4D1 detects polyubiquitin chains as well as ubiquitin monomers attached to substrate proteins. Both antibodies used in combination should therefore allow us to identify the character of the ubiquitin modifications on ENaC, similar to other studies [25, 28, 30] . To verify the specificity of the two antibodies we tested them on a mixture of ubiquitin monomers and ubiquitin chains of different lengths separated by SDS/PAGE ( Figure 2A ). As expected [25] , only P4D1 detected the ubiquitin monomer, FK1 did not. However, both antibodies detected ubiquitin chains of two or more ubiquitin moieties. In addition, both antibodies labelled proteins located in the cell surface fraction ( Figure 2B ), and appeared to have similar sensitivities ( Figure 2C) . Figure 3 shows the ubiquitination patterns of whole cell, intracellular and surface pools of ENaC. The presence of ENaC in the intracellular pool, cell surface fraction and total cell lysate was confirmed by blotting with anti-HA antibody for the subunits ( Figure 3B ). Membranes blotted with P4D1 antibody ( Figure 3A) show a typical smeary signal for both intracellular and cell surface pools of ENaC subunits ranging from the size of unmodified ENaC (75-85 kDa) to 150-200 kDa. This suggests that several ubiquitins are attached to both intracellular and cell surface pools of ENaC. Whether these ubiquitin attachments involve several single ubiquitin moieties or polyubiquitin chains cannot be concluded, since the anti-ubiquitin antibody P4D1 detects both single ubiquitins as well as polyubiquitin chains. When blotting the same membranes with the anti-ubiquitin antibody FK1 only the ENaC intracellular pools produced a signal, whereas the surface fraction did not ( Figure 3C ). Combined with the result of the P4D1 antibody this firstly suggests that the ENaC intracellular pool is polyubiquitinated, although a portion of the intracellular pool could be mono-ubiquitinated at one or more lysine residues. We would expect this result as misfolded and unassembled ENaC proteins will be removed from the ER and degraded by the proteasome after polyubiquitination.
Secondly, the result suggests that the surface fraction of ENaC is multi-ubiquitinated, meaning that several single ubiquitins have been attached to ENaC subunits residing in the membrane. The smeary high-molecular-mass signal detected by P4D1 in the surface fraction indicates that multiple lysine residues in ENaC are modified by single ubiquitins. We predict that the multiubiquitination of ENaC subunits facilitates their internalization and trafficking to the lysosome for degradation, or to recycling endosomes.
It can be argued that the glycosylation of ENaC proteins contributes to the smeary high-molecular-mass bands detected by P4D1. Therefore this experiment was repeated in the presence of the deglycosylating enzyme N-glycosidase F, which removes all N-linked sugars. The result ( Figure 4A) shows that the ubiquitination pattern of βENaC is not affected by deglycosylation. Similar results were obtained for αENaC and γ ENaC (results not shown).
To provide further evidence for the cell surface ENaC being multi-and not poly-ubiquitinated we reasoned that mutation of a subset of lysine residues in βENaC should change the pattern of multi-ubiquitination. βENaC contains ten cytosolic lysine residues and we tested a βENaC lacking three of the nine N-terminal domain lysine residues (βENaCK3A). We coexpressed wild-type βENaC and βENaCK3A with FLAGubiquitin and detected cell surface ENaC. A smeary ladder of bands corresponding to ubiquitinated βENaC was observed. Loss of three lysine residues resulted in the appearance of two lower molecular mass bands ( Figure 4B, arrows,) showing that removal of a subset of acceptor lysine residues alters the ubiquitination pattern, supporting our hypothesis that multiple lysine residues are modified by single ubiquitins.
Liddle's syndromes βENaC Y620A is also ubiquitinated
ENaC activity is decreased by the ubiquitin ligases Nedd4 and Nedd4-2 [9, [16] [17] [18] . They bind to the subunits of the channel via the PY motif present in all three subunits [12] . Although direct evidence is lacking, it is consensus that Nedd4 and Nedd4-2 down-regulate ENaC activity by catalysing its ubiquitination. If the PY motif is mutated, as it is in Liddle's syndrome, Nedd4 and Nedd4-2 cannot bind to the mutated ENaC subunit, and ENaC
Figure 3 Ubiquitination of intracellular and surface fractions of ENaC subunits
The indicated HA-ENaC subunits were expressed in COS7 cells. Prior to cell lysis, surface proteins were labelled with biotin. ENaC was then immunoprecipitated with anti-HA antibody and Protein G-Sepharose beads. ENaC was released from the beads and separated into surface and intracellular pool fractions using streptavidin precipitation to capture surface ENaC, and then reimmunoprecipitation to capture the ENaC intracellular pool. Both fractions, along with 2 % of the initial lysate, were analysed by SDS/PAGE and sequential Western blotting with FK1, followed by P4D1 and finally anti-HA antibody with antibody stripping in between. activity is up-regulated [4, 16] . Preventing Nedd4 and Nedd4-2 from binding to ENaC might therefore prevent ubiquitination of the channel. To test this hypothesis we expressed a βENaC Y620A mutant, which does not bind Nedd4 [13] in COS7 cells, and studied the ubiquitination pattern of the intracellular and surface pools of ENaC. As shown in Figure 3 (right panel) the result for βENaC Y620A did not differ from wild-type βENaC. Both the intracellular pool and surface βENaC Y620A showed ubiquitination signals, suggesting that surface βENaC Y620A is multi-ubiquitinated and βENaC Y620A in the intracellular pool is polyubiquitinated. From this result we suggest that, at least in COS7 cells, ENaC can be ubiquitinated by ubiquitin ligases other than Nedd4 and Nedd4-2, that do not need the PY motif to catalyse ENaC ubiquitination, or that Nedd4 enzymes can ubiquitinate ENaC via an adaptor protein.
Binding of ENaC subunits to µ2
Recently it has been reported that αβγ ENaC are co-localized in clathrin vesicles, that ubiquitinated ENaC binds to epsin, and that αENaC, βENaC and γ ENaC co-immunoprecipitate with the µ2 clathrin adaptor subunit [23] . To investigate whether lack of Tyr 620 in βENaC would impair the binding of this subunit to µ2 we carried out co-immunoprecipitation experiments. Figure 5 shows that both βENaC and βENaC Y620A interact with µ2, and there did not appear to be a quantitative difference in the amount of βENaC Y620A co-immunoprecipitated with µ2 compared with wildtype βENaC. As a negative control we show that βENaC Y620A does not interact with Nedd4-2, as expected. This implies that βENaC containing a Liddle's mutation can still associate with clathrin adaptors, similar to wild-type βENaC. Since βENaC Y620A is also ubiquitinated at the cell surface (Figure 3) , this association could be via a ubiquitin-binding protein such as epsin. Alternatively, a direct interaction could occur between adaptor protein subunits and the N-terminal domain YKEL or LL motifs of βENaC.
Nedd4-2 decreases surface expression of αENaC by increasing its ubiquitination
Of the Nedd4-like family of ubiquitin ligases, Nedd4-2 is the most potent candidate for mediating ENaC ubiquitination [18] . Therefore we tested whether Nedd4-2 affects the ubiquitination and surface expression of ENaC in transfected cells. COS7 cells were transfected with constant amounts of αENaC and increasing amounts of Nedd4-2. The surface population of αENaC was then separated from the intracellular pool, and analysed for expression and ubiquitination. The results, in Figure 6 , show that increasing concentrations of Nedd4-2 decrease the overall expression of αENaC ( Figure 6 , upper panels) as well as its surface expression ( Figure 6 , lower panels), similar to a report by Knight et al. [33] . As expected, Nedd4-2 increased the ubiquitination of αENaC in both the surface and intracellular pools ( Figure 6, lower panels) . This result suggests that Nedd4-2 decreases ENaC activity by catalysing its ubiquitination, therefore decreasing its surface and total cell expression. 
ENaC surface expression is altered by proteasome and lysosomal inhibitors
Our results suggest that both poly-and multi-ubiquitination modification of ENaC can occur. This suggests an involvement of the proteasome to which polyubiquitinated ENaC would be targeted, and the lysosome to which multi-ubiquitinated ENaC may be targeted. Other groups have reported that just proteasomal [34] or both proteosomal and lysosomal inhibitors [11] affect ENaC stability. We tested this in our system by treating COS7 cells with the proteasomal inhibitor MG-132 or with the lysosomal inhibitor chloroquine, and then analysing the total and cell surface expression of ENaC subunits. Figure 7 shows that both inhibitors increased surface as well as total cell expression of ENaC subunits, supporting the hypothesis that both degradation pathways are involved in the regulation of ENaC.
DISCUSSION
Here we show that the subunits forming the ENaC can undergo differential ubiquitination dependent on their subcellular location. ENaC in the intracellular pool appears to be primarily polyubiquitinated, whereas cell surface ENaC is multi-ubiquitinated. Our working model (Figure 8 , similar to that previously described by Rotin et al. [10] ) suggests that multi-ubiquitination assists the removal of ENaC from the plasma membrane via clathrin-mediated endocytosis. Thus, after ENaC is multiubiquitinated at the cell surface, it is then bound by both a ubiquitin-binding adaptor protein, such as epsin, as well as µ2, and is then internalized via clathrin-coated vesicles. This is consistent with reports from others showing that both epsin-and clathrinmediated endocytoses are important for ENaC regulation [21] [22] [23] .
Once internalized, ENaC enters an early endosomal compartment [23] and from here could follow a number of paths: it could be deubiquitinated and recycled to the cell surface via a recycling pool that has been described by others [35] . Alternatively, the ubiquitin tags could mediate movement through the endosomal system to the MVB and lysosome where ENaC would be degraded. A further possibility is that single ubiquitins on ENaC could be extended to form polyubiquitinated ENaC that is targeted to the proteasome. This pathway would be consistent with our results ( Figure 7 ) and with previous reports studying ENaC in A6 cells, suggesting that ENaC surface expression is regulated by polyubiquitination, although the latter study did not separate the intracellular pool from the surface ENaC to study ENaC ubiquitination [19] .
A number of cell surface proteins from both yeast and mammals are regulated by mono-or multi-ubiquitination to stimulate their internalization from the cell surface (reviewed in [26, 36] ). Mono-ubiquitin tags interact with a variety of endocytic-proteincontaining ubiquitin-binding motifs such as UIM (ubiquitin interacting motif), CUE (coupling of ubiquitin conjugation to endoplasmic reticulum degradation), UBA (ubiquitin-associated) or UEV (ubiquitin-conjugating enzyme E2 variant) domains, which localize to different compartments along the endocytosis pathway [26] . The ion channels TRPV4 and ROMK1 are reported to be multi-and mono-ubiquitinated respectively and this regulates surface expression of both channels [28, 29] .
The size of the multi-ubiquitinated ENaC ranged up to 180-200 kDa (Figure 3) . Since the addition of only one ubiquitin would result in one distinct band the smear suggests several ubiquitins are attached. Glycosylation was eliminated as a contributor to the smear, and removal of three potential acceptor lysine residues in βENaC significantly altered the cell surface ubiquitination pattern. The sizes of multi-ubiquitinated ENaC suggest between 1 and 15 ubiquitins are attached. There are three to nine acceptor lysine residues in the N-terminal domains of ENaC subunits, and a number of these lysine residues in αENaC and γ ENaC have previously been implicated in ENaC cell surface regulation [11] . It is possible that ENaC C-terminal domain lysine residues are also modified with ubiquitin since a C-terminal domain lysine in δENaC is able to be modified by ubiquitin (K. Ly and F.J. McDonald, unpublished work). Inclusion of both Nand C-terminal lysine residues brings the total acceptor lysine residues to 4 for α, 10 for β and 9 for γ ENaC, fitting more closely the molecular mass of the ubiquitinated ENaC patterns reported here. Alternatively, multi-ubiquitinated ENaC migration by SDS/PAGE may be aberrant, similar to that reported for sumoylated BKLF (basic Krüppel-like factor; [37] ). We found ENaC in the intracellular pool to be polyubiquitinated, although we cannot exclude a mixture of multi-and poly-ubiquitinated ENaC being present. As others have suggested previously [11] , this fraction of polyubiquitinated ENaC is likely to represent unassembled or misfolded ENaC subunits that are tagged by the ER quality control system for degradation in the proteasome.
Nedd4, and perhaps Nedd4-2, are able to both mono- [38] and poly-ubiquitinate [39] substrate proteins. When the catalytic activity of Nedd4 is inhibited, Nedd4 is unable to down-regulate ENaC, suggesting that Nedd4/Nedd4-2 directly ubiquitinate ENaC [16, 20] . Here we show that Nedd4-2 decreases expression of αENaC in the surface and intracellular pools, with a parallel increase in ENaC ubiquitination, supporting the hypothesis that Nedd4-2 has a key role in regulating the amount of cell surface ENaC. In yeast, the Nedd4 orthologue RSP5 (a ubiquitin ligase) is involved at multiple steps in the trafficking pathway: at the trans-Golgi network, at the cell surface and at the MVB [26] .
We found that when Nedd4/Nedd4-2 binding was inhibited, βENaC Y620A was still ubiquitinated, suggesting that other ubiquitin ligases, which do not require the PY motif for binding, are also able to ubiquitinate and target the channel for internalization or degradation. Similar to the chloride channel CFTR (cystic fibrosis transmembrane conductance regulator), ENaC in the intracellular pool might be regulated by the CHIP [C-terminus of the Hsc (heat-shock cognate) 70-interacting protein] [40] or SCF Fbx2 [41] ubiquitin ligases; however, it is not known if other ubiquitin ligases might act on ENaC at the cell surface. Alternatively, βENaC Y620A may be indirectly associated with Nedd4. A recent report [33] linked both ubiquitination and Nedd4-2 to activation of ENaC by proteolytic cleavage. Liddle's mutations appear to increase the fraction of cleaved active ENaC at the cell surface, supporting a model whereby changes in both open probability and trafficking may lead to the Liddle's phenotype. These results suggest that Nedd4-2 may have more than one role in regulating ENaC.
The study presented here is limited by the use of transfected non-epithelial cells to analyse the ubiquitination pattern of ENaC. The ubiquitination of ENaC in native tissue might be different from the scenario described here. However, we have established that multi-ubiquitination of ENaC subunits is possible. The next challenge is to study the ubiquitination of ENaC residing in the plasma membrane and intracellular pools in epithelial cells using epitope-tagged ENaC subunits, and ultimately to study endogenous ENaC in native mammalian tissue. Multiubiquitination of ENaC at the cell surface is likely to act in concert with endocytic proteins to facilitate removal of ENaC from the cell surface, and keep ENaC levels in check to prevent excess sodium absorption and hypertension.
